INTRODUCTION
Action at a distance refers to induction and/or modulation of a DNA transaction (e.g., transcription) catalyzed by a DNA binding protein remote from its primary binding site. The process probably involves movement of chromosome segments that brings the primary binding site (e.g., an enhancer) into contact with a distant, second site (e.g., a promoter) where the biological activity is manifested, either on the same (Choy and Adhya, 1992; Dunn et al., 1984; Hochschild and Ptashne, 1986; Né meth et al., 2008; Tolhuis et al., 2002) or on a different chromosome (Ling et al., 2006; Spilianakis et al., 2005) . Such events have been reported for transcriptional control; however, whether action at a distance also controls the three steps of DNA replication-initiation, ongoing replication, and termination-has not been clear.
We have previously shown that in prokaryotic plasmid systems, DNA looping controls replication initiation both positively (Miron et al., 1992; Mukherjee et al., 1988) and negatively (Zzaman and Bastia, 2005) . Here, we investigate whether Ter sites, which may also mediate DNA looping or chromosome kissing if connected through long-range protein-DNA interactions, control programmed fork arrest and replication termination.
The replication termination mechanism(s) has been best elucidated in prokaryotes in which a replication terminator protein binds to a specific Ter sequence to impede fork movement in a polar mode. The terminator protein-Ter complexes of prokaryotes arrest replicative helicase-catalyzed DNA unwinding in one direction but allow the enzyme approaching from the opposite direction to pass through unimpeded Kaul et al., 1994; Khatri et al., 1989; Lee et al., 1989) . A recent review discusses the current status of the field, including alternative models of fork arrest mechanisms (Kaplan and Bastia, 2009) . Physiologically programmed polar fork arrest occurs in eukaryotes in the nontranscribed spacers of ribosomal DNA (rDNA) from yeast to man and at certain other locations in the chromosomes, although not every replicon necessarily contains a Ter site (see reviews by Kaplan and Bastia, 2009; Bastia and Mohanty, 2006) . The existing data favor a model of polar fork arrest that involves not only terminator protein-Ter interaction but also protein-protein interactions between the terminator protein and the DNA unwinding enzyme(s) that drive the forks Mulugu et al., 2001) . The detailed mechanism of polar fork arrest in eukaryotes has not yet been elucidated, although indirect evidence suggests that the mechanism involves not only terminator protein-Ter DNA but also replisome-terminator protein interactions (Biswas and Bastia, 2008; Eydmann et al., 2008) .
Besides the nontranscribed spacers of rDNA (Bastia and Mohanty, 1996; Bastia and Mohanty, 2006) , Ter sites are also present outside these loci, e.g., upstream of the mating type locus Mat1 and at other locations in the three chromosomes of S. pombe (e.g., this work). Three replication termini (Ter1-Ter3) and a fork-pausing site (FPS4) are present in the nontranscribed spacer region of each rDNA repeat of S. pombe (Krings and Bastia, 2004) . The Ter1 binds to Sap1 protein (Krings and Bastia, 2005, 2006; Mejía-Ramírez et al., 2005) , which also binds to the switch-activating site (SAS1) located near the mating type locus Mat1 (Arcangioli and Klar, 1991) , but does not arrest forks at the SAS1 site (Krings and Bastia, 2005) . Ter2 and Ter3 of rDNA bind to Reb1. Reb1 is a myb-like protein that not only promotes polar fork arrest at the binding sites (Krings and Bastia, 2004; Sá nchez-Gorostiaga et al., 2004) but also impedes RNA polymerase I-catalyzed transcription approaching the site from the opposite direction ( Figure 1A ) (Zhao et al., 1997) . The Reb1 protein is dimeric and contains an N-terminal dimerization domain ( Figure 1B ) that is dispensable for a basal level of fork arrest at a single Ter site in vivo (Biswas and Bastia, 2008) .
In this work, we show that Reb1-dependent Ter sites of S. pombe do not function solely in isolation but communicate pairwise with other such sites either by DNA looping or by chromosome kissing to regulate the magnitude of physiologically programmed fork arrest.
RESULTS

Reb1
Protein Localization Is Pan-nucleolar A diagram of the replication termini present in the spacer region of rDNA of S. pombe is shown in Figure 1A , in which the red notched surface of Ter denotes the fork-arresting and the blue concave surface the transcription-blocking face, respectively. We attempted to determine the subcellular localization of Reb1 by fluorescence microscopy using fission yeast strains that expressed the nucleolar-specific Gar2M-cherry protein and the wild-type (WT), dimeric Reb1-GFP fusion protein. Representative micrographs of cells in mid-log phase ( Figure 1Ci ) showed red fluorescent nucleoli characteristic of the Gar2M-cherry fusion protein (Figure 1Cii ). Reb1-GFP colocalized with the Gar2M protein. However, significant GFP signal was also detected in the extranucleolar space within the nuclei (Figures  1Ciii and 1Civ) . Thus, Reb1 is pan-nucleolar; the average ratio of integrated Reb1-GFP fluorescent intensities in the nucleolus to that in extranucleolar space in the nucleus was 1.6/1.0 (data not shown). The data obtained with monomeric and dimeric Reb1 were indistinguishable from each other.
WT Dimeric Reb1 but Not the N-Terminally Truncated Monomeric Form Promoted Ter-Ter Interaction In Vitro
We have previously shown that WT Reb1 is a dimer and that truncation of the N-terminal 145 amino acids generates a monomeric form that has identical DNA binding affinity for the 17 bp consensus Ter sequence in comparison with the WT dimeric protein (Biswas and Bastia, 2008) . We wished to test the hypothesis that the dimeric Reb1 protein caused Ter-Ter interactions and that such interactions enhanced the magnitude of fork arrest at the interacting sites over that of a solo noninteracting Ter (by inducing cooperativity at a distance). We tested this hypothesis by performing DNA ligase-catalyzed circularization enhancement experiments in vitro (Zzaman and Bastia, 2005) . The principle of the assay is that if two Ter sites, located close to the ends of a linear DNA and separated by 200 bp or more (more than the ''persistence length'' of the DNA), are brought together by interaction with WT Reb1 protein, such an interaction should significantly increase the rate of DNA end ligation leading to enhanced circularization in comparison with the controls. In the control experiments, we measured the rate of DNA circularization of substrates with only a single binding site in the presence of the WT protein, a pair of sites incubated with the monomeric form of Reb1 (146 Reb1) and the two site substrate ligated without preincubation with protein, etc.
Some of the experiments were carried out with DNA substrates that not only contained the WT Ter sites but also a mutant form called M7 that was generated by a single G to T transversion at the seventh base from the left end of the consensus Ter sequence (Figure 2A ). This mutation is known The same field illuminated at a wavelength that shows red fluorescence for Gar2, a nucleolar protein; yellow-green fluorescence emitted by Reb-GFP; and a merged image of Gar2-cherry and Reb1-GFP is shown in panels (ii), (iii), and (iv), respectively. to cause both an 90% reduction in the binding affinity of the mutant Ter site for Reb1 protein in vitro and failure to arrest replication forks in vivo (Biswas and Bastia, 2008) .
The DNA substrates were cut with EcoR1 and the 5 0 ends were labeled with g 32 P [ATP], and preincubation with the WT, dimeric Reb1, or monomeric 146 Reb1 proteins followed ( Figure 2B ). The DNA protein complexes were then incubated with T4 DNA ligase at 16 C for the indicated periods of time and subsequently digested with T7 gene 6 exonuclease. The reaction products were precipitated with cold 10% tricholo-acetic acid, and the exonuclease-resistant radioactivity was counted after retention on glass fiber filters. The terminal label, after ligation, became internalized and became resistant to gene 6 exonuclease. The enzyme is known to hydrolyze double-stranded DNA with 5 0 sticky ends in a 5 0 to 3 0 direction (Zzaman and Bastia 2005) . The results showed that a substrate containing two WT sites caused significant enhancement of the rate of ligation of the labeled DNA ends in the presence of the WT dimeric but not the monomeric 146 Reb1 protein ( Figure 2C ). The WT protein also enhanced the rate of ligation of the substrates with either two WT sites or a WT and a M7 site almost to the same extent. In contrast, the rate of ligation of the substrate containing a single WT or an M7 site was not detectably enhanced under identical conditions ( Figure 2D ). The monomeric Reb1 protein failed to enhance the rate of ligation of the WT-M7 substrate ( Figures  2E and 2F ). The data taken together supported the conclusion that the dimeric Reb1 but not the monomeric form promoted interactions between either two WT sites or a WT site and a M7 site. Both forms of the protein have indistinguishable binding affinities for a canonical Ter site and bind very poorly to a solo M7 site in vitro (Biswas and Bastia, 2008) .
We also investigated whether the magnitude of interaction in vitro between the M7 and the WT sites was independent of the relative orientation of the two sites, namely, antiparallel versus parallel. We constructed two DNA substrates, namely, pSW1-parallel and pSW1-antiparallel ( Figure 2B ), and measured the kinetics of WT Reb1-mediated enhancement of DNA ligation using EcoR1-digested substrates as described above, and we discovered that the rates were indistinguishable from each other and significantly higher than that of the control substrates containing either a single WT site or a single M7 site ( Figure 2F) . Therefore, the magnitude of Reb1-mediated DNA looping between two Ter sites in vitro was not influenced by their relative orientation. 
Exonuclease III Footprinting Confirmed Ter-Ter Interaction In Vitro
We wished to confirm the aforementioned ligation enhancement results by an independent method. The method is schematically shown in Figure 3A (Mukherjee et al., 1988; Zzaman and Bastia, 2005) . The plasmid DNA substrate pSW1 contained a M7 and a WT Ter site cloned on either sides of the unique EcoR1 site. The M7 site was flanked by a single Pst1 site at its left boundary. The substrate DNA containing the WT and the mutant site or a control substrate containing either a single WT site or a solo M7 site were cut with EcoR1, 5 0 end labeled, incubated with either the WT or the truncated monomeric form of Reb1protein, digested with exonuclease III (exo III), and cut with Pst1, and the DNA was resolved in nondenaturing 5% polyacrylamide gels. Exo III is a 3 0 -5 0 exonuclease. Dimeric Reb1 protein-mediated M7-WT site-site interaction is expected to protect the M7 site from resection by exo III digestion, thereby yielding a diagnostic EcoR1-Pst1 protected fragment containing M7. Absence of M7-WT interaction should be revealed by unimpeded resection of the DNA by exo III and consequent destruction of the Pst1 site. The autoradiograms of the gels showed that the WT Reb1 pro- tected the Pst1 site in the double M7-WT Ter substrate, resulting in the accumulation of the diagnostic EcoR1-Pst1 fragment. The truncated, monomeric Reb1 failed to protect the site. Residual protection was observed only at the two highest concentration of the monomeric protein ( Figure 3B ). Neither the WT Reb1 nor the truncated form of the protein protected the Pst1 fragment when only a single WT Ter site was present in the substrate ( Figure 3C ). Control experiments with a solo M7 substrate and WT Reb1 protein showed protection of the Pst1 site at the two highest concentrations of the protein ( Figure 3D ), and therefore the data in comparison with that in Figure 3B confirmed that Reb1-mediated looping interaction between the WT with the M7 sites generated cooperativity at a distance. We examined protection from exoIII digestion of a single WT site by the WT or the 146 Reb1 form of the protein and observed similar levels of protection ( Figure S1 available online).
WT Reb1 but Not the Truncated Form Promoted Fork Arrest In Vivo at a M7 Ter by Promoting Interaction with a WT Ter
The in vivo relevance of the in vitro Ter-Ter interaction was investigated as follows. We wished to determine whether the dimeric WT Reb1 but not the monomeric form would cause WT-M7 sitesite interaction in vivo as manifested in successful replication fork arrest at the M7 site. The experimental plan for monitoring fork arrest in vivo is schematically shown in Figure 4A . We constructed the plasmid pIRT2-M7-WT-a that contained an autonomously replicating sequence (ARS)-proximal M7 site and a WT site separated by 1.3 kb of DNA ( Figure 4A ). The two Ter sites were present in a relative antiparallel orientation with respect to each other and in the blocking orientation with respect to the fork moving in a counterclockwise direction starting from the ARS. The plasmids were transformed into two S. pombe strains, one expressing the dimeric WT Reb1 and the other the monomeric form. The replication intermediates were cleaved with PvuII resolved by 2D gel electrophoresis (Brewer and Fangman, 1987) , blotted onto nylon membranes, and hybridized with 32 Plabeled Leu2 probe. Representative images of the blots are shown in Figure 4B . The plasmid DNA replicating in cells expressing WT Reb1 and containing a single WT Ter site, as expected, generated a single termination spot at the expected location on the Y arc (Figure 4Bi) . A solo M7 site in the plasmid, as expected, failed to arrest forks in cells expressing the WT protein (Figure 4Bii ). In contrast, the intermediates of pIRT2-M7-WT-a plasmid revealed two termination spots corresponding to the two Ter sites. The termination spot corresponding to the WT Ter site was approximately two times more intense than that of the M7 site (Figure 4Biii) . The results supported the interpretation that interaction of the WT Ter with the nonfunctional M7 site converted the latter to a functional replication terminus probably by DNA looping-mediated enhancement of Reb1 binding to M7. The same plasmid replicating in cells that expressed the monomeric form of Reb1 showed fork arrest at the WT Ter but not at M7 site (Figure 4Biv ). It should be noted that the WT and the M7 sites were present in an antiparallel orientation with respect to each other in the pIRT2-M7-WT-a plasmid.
In order to determine whether the WT and the truncated monomeric protein were both equally expressed in vivo, we performed western blots of host cell lysate (containing the plasmid shown in Figures 4Biii and 4Biv ) that were resolved in SDS-polyacrylamide gels and developed with polyclonal, monospecific antibodies (Abs) raised against Reb1. We used polyclonal Ab to b-actin to visualize the loading controls. The results showed that the WT and truncated proteins were expressed at approximately equal levels ( Figure S2A ). We also performed chromatin immunoprecipitations (ChIP) to determine whether both WT and 146 Reb1 bound with similar affinities to Ter3 of rDNA in vivo, and the results indicated that they do ( Figure S2B ).
Fork Arrest Required Interaction between M7 and WT Ter Only in an Antiparallel Orientation Antiparallel refers to pairing of a Ter site A1B1 located in cis with an identical site A2B2 by looping of the intervening DNA in such a way that B1 is aligned against A2 and B2 with A1 in the folded DNA ( Figure 4A ). The following experiments were designed to address two questions: (1) to what extent does the distance between the M7 and the WT Ter sites determine the magnitude of fork arrest at M7, and (2) does fork arrest modulated by Reb1-mediated site-site interactions between the M7 and the WT sites occur independently of their relative orientation? The first question addresses the maximum distance over which Ter-Ter looping might occur. To answer this question, we constructed the pIRT2 M7-WT-b plasmid derivative in which the distance between the M7 and the WT sites was reduced from 1.3 kb to 250 bp while maintaining their relative antiparallel orientation ( Figure 4C ). We analyzed replication intermediates of the plasmid extracted from cells expressing WT Reb1 protein. A representative image of the 2D gels showed that reduced spacing between the M7 and the WT site significantly enhanced fork arrest at the mutant site in comparison with the WT site as revealed by a stronger termination spot at M7 (2-fold stronger than the upstream spot; compare Figure 4D with Figure 4Biii ). The displacement of the WT site to a location just after the inflection point of the Y arc in Figure 4D was caused by a smaller 800 bp insert in the plasmid as contrasted with an 1.3 Kb insert in the plasmid shown in Figure 4Biii . Although the insert was smaller, the Ter sites were located further away from the ARS site in comparison with the plasmid containing the 1.3 Kb insert that accounts for the presence of the two termination spot after the inflection point of the Y arc. The data supported the conclusion that Ter-Ter interaction was significantly reduced if the distance between the two sites was increased from 250 bp to 1.3 Kb. The limited data tend to suggest that cis interactions between two sites separated by as much as 100,000 bp probably would be undetectable in vivo.
In order to address the second question posed above, we constructed the plasmid pIRT2 M7-TW, which was a derivative of pIRT-M7-WT-a but contained the WT site in the reversed orientation with respect to the M7 ( Figure 4E ). In the absence of any twisting of the intervening DNA, the two Ter sites in this plasmid were expected to interact in a parallel orientation. It should be noted that the M7 and the WT sites in pIRT2 M7-TW were present in the blocking and the nonblocking orientations, respectively, with respect to the counterclockwise moving fork initiated at the ARS. We performed 2D gel analysis of the replication intermediates of the M7-TW plasmid and detected no termination spot ( Figure 4F ). The data supported the conclusion that Reb1-mediated pairing between two Ter sites is necessary but not sufficient for causing fork arrest, and the arrest also requires pairing of the sites in an antiparallel orientation with respect to each other. We performed the control experiment in which the M7 site was reversed with respect to the ARS but the WT site was present in the blocking orientation ( Figure 4G ). The 2D gel analysis showed that there was fork arrest at the WT but not at the M7 site ( Figure 4H ).
Action at a Distance Enhanced Fork Arrest at a Natural Ter Site in the Chromosomal Sequence Context Does Ter-Ter interaction enhance fork arrest at Ter sites present at a natural chromosomal location? In order to address this question, we looked for Ter like sequences present in all three chromosomes of S. pombe by a sequence BLAST search using the 17 bp, Reb1-binding core consensus sequence or its close variants as baits. The search revealed several such sequences in all three chromosomes. We selected a sequence (Ter 344314 ) present on chromosome 2 at the coordinate 344314 for further work for the following reasons: (1) An inspection of sequences within 100,000 bp on its either side revealed no other recognizable potential Reb1-binding site. This arrangement is expected to prevent cis interaction but should reveal possible trans interactions (chromosome kissing) with another Reb1-binding site.
(2) A potential ARS sequence was located 7000 bp to the right of the Ter site (Segurado et al., 2003) . We expected that it (Ter) might be functional in arresting leftward moving forks initiated from that the ARS site ( Figure 5A ). We isolated replication intermediates from cultures harvested at the mid-log phase. Comparative FACS profiles of the cultures used at the time of harvest for the preparations of replication intermediates were similar ( Figure S3A ). We performed 2D gel analysis of fork movement in the neighborhood of Ter 344314 after digestion of the chromosomal DNA with HindIII. The results showed that in cells expressing the WT Reb1 protein, forks originating from the ARS and moving to the left were readily arrested at the Ter site ( Figure 5B ). In control experiments, in cells that expressed the monomeric form of Reb1, fork arrest was reduced to <50% of that caused by the WT Reb1 protein. As expected, there was no detectable fork arrest at Ter 344314 in reb1D cells ( Figure 5D ).
The magnitude of fork arrest was quantified by calculation of the ratios of the intensity of the Ter spot over that of the integrated intensities of the Y arc from four independent experiments and the data are shown with standard deviation bars ( Figure 5D ). All of the 2D gel images used to derive the data in Figure 5D is shown in Figures 5B and 5C and in Figure S3B . Western blots showed that the relative levels of expression of WT and 146 Reb1 forms of the protein in vivo corresponding to Figures 5C and 5D were approximately equal in strains containing Ter 344314 (Figure 5Gi ).
We wished to confirm this result further as follows. We have already shown, in the context of a plasmid, that the M7 form of Ter could not arrest forks by itself but required a looping interaction with a WT site to do so (Figures 4Bii and 4Biii) Figure 5E ) However, there was no detectable fork arrest at Ter 344314-M7 in cells expressing the truncated, monomeric form of Reb1 ( Figure 5F ). The data, derived from three independent experiments, supported the interpretation that Ter 344314 interacted either in cis or in trans with a Reb1 binding site(s) located in the same or in a different chromosome, respectively. We performed western blots with loading controls to make sure that both the WT and the 146 Reb1 proteins were both well expressed in the cells used in Figures 5E and 5F and found that the expression levels of both forms of the protein were very similar (Figure 5Gii ). , we performed circular chromosome conformation capture (4C) analysis by modifications of a published procedure (details shown in the Extended Experimental Procedures), originally designed for mammalian cells (Gö ndö r et al., 2008) . In brief, S. pombe cells expressing WT Reb1 and or the truncated Reb1 were treated with HCHO to crosslink proteins to DNA, the chromatin was extracted with SDS to remove noncrosslinked proteins, SDS was displaced with Triton X-100, the DNA was digested with Mbo1, and the samples were diluted and incubated with DNA ligase to promote intermolecular end joining. Reversal of crosslinks and amplification of the specified regions by inverse PCR (as depicted in Figure 6A ) yielded putative interacting sequences. The PCR products were resolved in 1% agarose gels and stained with ethidium bromide. It should be noted that we made no effort to select for Reb1 binding sequences during 4C by a prior immunoprecipitation of the crosslinked chromatin with anti-Reb1 antibodies; this ensured an unbiased selection of the interacting sequences. The data showed that two major DNA bands were reproducibly captured by both bait sequences, i.e., Ter 344314 and Ter 344314-M7 (Figure 6B) . The third band was a self-ligated product that, as expected, was not visible when DNA ligase was omitted. In the absence of crosslinking, the two prey bands were not captured. Furthermore, in Reb1D cells and in those expressing the truncated form of the protein the two DNA bands were also missing ( Figure 6B ). Western blots of cell lysates, with appropriate loading controls, were carried out to make sure that failure to capture interacting sequence in cells expressing the 146 Reb1 was not caused by inadequate expression of the truncated protein (Figure 5Gi) .
The major DNA bands were excised, eluted, and either directly sequenced or phosphorylated with polynucleotide kinase and were cloned into the SmaI site of pUC19, and several recombinant clones were individually sequenced. The three major DNA bands, from bottom to the top, were identified as self-ligated prey sequence (which, as expected, was missing in the ligase minus control; Figure 6B ), Ter 4680236 and Ter 4257637 , respectively.
The Ter 4680236 was the most intense (most frequently interacting) band. The two Ter sites, thus captured, were located on chromosome 1. The 4C analysis also occasionally showed approximately three faint minor bands (Figure 6, asterisks) . We attempted to identify these by PCR amplification after elution from the gels with the original primer pair but never recovered the same PCR products again. Therefore, we believe that the faint minor bands were probably artifacts of the PCR process caused by spurious binding of the primers to nonspecific sequences.
Chromosome Kissing between Ter344314 and Ter 4680236 Regulated Fork Arrest at the Former Site
We proceeded to obtain more definitive evidence in support of the conclusion that chromosome kissing causes enhanced fork arrest. We inactivated the major interacting Ter 4680236 by introducing multiple mutations ( Figure 7A ) that altered most of the residue of the consensus site known to contact Reb1 (Biswas and Bastia, 2008 . Both strains expressed WT Reb1 from the natural promoter present at the normal chromosomal location. The cells were harvested under identical conditions in mid-log phase, and replication intermediates were isolated and analyzed by 2D gels. The images of the gels revealed that fork arrest at Ter 344314-M7 was, as expected, readily detectable in control cells with Ter 4680236 (Figure 7Bi ). In contrast, fork arrest and Ter 4680236 of chromosome 1 was primarily responsible for optimal fork arrest at the former site.
No cis-interacting Ter site of chromosome 2 was recovered by the 4C procedure. The trans interactions by ''chromosome kissing'' showed remarkable specificity in that the Ter 344314 interacted only with the two Ter sites of chromosome 1 under the specified conditions. It is also interesting that although the bulk of Reb1 protein is associated with Ter2 and Ter3 of rDNA repeats present at either ends of chromosome 3, these sites were never captured as interacting sequences using the specified bait sequences. The interaction data pertaining to Ter sites of rDNA will be reported elsewhere.
DISCUSSION
Analyses of the relative spatial orientation of interphase chromosomes by recently developed chromosome conformation capture techniques have revealed extensive intra and interchromosomal interactions in yeast and human cells (Dekker et al., 2002; Lieberman-Aiden et al., 2009) . While many of the interactions could be caused by random walk, at least some appear to be programmed and biologically significant (Ling et al., 2006; Spilianakis et al., 2005) . It should be interesting to test the generality of this mode of control of site-specific replication termination reported in this work by determining whether other replication terminator proteins (e.g., Sap1) of S. pombe also control fork arrest by chromosome kissing. Such work is in progress. Some replication origins fire early whereas others fire late in S phase (Kim and Huberman, 2001 ). It might be interesting to determine if the activity of each class of the origins is coordinated by physical contacts with other members within each class.
How is cooperativity generated at a distance? It has been suggested that when a weak protein binding site is tethered by DNA to a strong site, the effective concentration of the protein at the weak site becomes greater than that at a solo weak site present at the same location in an identical length of DNA; this difference promotes cooperativity at a distance (Schleif, 1992) . Both theoretical modeling and experimental work have suggested that looping can occur over distances up to 10 Mb and that chromatin folding influences the site-site interactions. Chromatin apparently folds into a fractal globule in such a way that it is possible to unfold and fold any segment of the chromatin without having to break DNA knots (Lieberman-Aiden et al., 2009) .
Although reb1D cells can survive under laboratory conditions, the deletion caused somewhat slower growth rate (data not shown). The Ter 344314M7 also had the same slow-growth phenotype (data not shown). Reb1 binds to the enhancer/ promoter region of Ste9 ( Figure 6B ) and activates its transcription (P. Hernandez, personal communication). Ste9 controls pre-start G1 arrest necessary for mating and sporulation, under conditions of nitrogen starvation, by APC-C Ste9 -mediated degradation of mitotic cyclins (Blanco et al., 2000; Kitamura et al., 1998) . Consequently, deletion of Reb1 causes sterility by failure to arrest the cell cycle in pre-start G1. A reb1D is synthetically lethal with wee1, the kinase necessary for inactivation of mitotic CdK in G1 (P. Hernandez, personal communication). It is already known that reb1D causes head-on collision between replication and transcription units that precipitates unscheduled fork stalling, which can be potentially destabilizing by causing unscheduled recombination. The fork stalling by collision is clearly manifested in the form of intensification of the descending part of a Y arc as visualized in 2D gels. The effect is amplified when all three Ter sites in the rDNA are rendered nonfunctional by deletion of Swi1 (Krings and Bastia, 2004; Krings, 2007) . We postulate that Reb1-dependent chromosome kissing modulates transcriptional activation in at least two ways: by (1) by enhancing Reb1 interaction with the transcription complex at the promoter and (2) arresting replication forks from interfering with transcriptional activation. In mice, the protein CTCF promotes chromosome kissing that apparently contributes to coordinate expression of genes (Ling et al., 2006) . It is possible that Reb1-mediated chromosome kissing in fission yeast also could be contributing to coordinate gene expression.
Although a significant fraction of Reb1 was concentrated in rDNA, presumably bound to each of the two Reb1-binding Ter sites that are repeated in the rDNA array, 4C experiments did not detect any interaction between the Ter sites of rDNA and Ter
344314
. In reciprocal experiments that used Ter3 of rDNA as bait, no Ter sites from chromosome 1 or 2 were captured as interacting sequences (data not shown). The apparent lack of interaction between Ter sites of rDNA and those located outside the rDNA are perhaps caused by the intranucleolar compartmentalization of Reb1-bound Ter sites of rDNA.
Three-dimensional optical analyses of interphase nuclei suggest that although the chromosomal territories do not seem to move noticeably in response to developmental cues (Hochstrasser and Sedat, 1987) , physiologically significant chromosome kissing and DNA looping occurs perhaps via contacts between chromatin loops (de Laat, 2007; Fraser and Bickmore, 2007; Spector, 2003) . What drives the chromatin loop movements that promote chromosome kissing? Is it entirely caused by random walk or is it directed by a motor protein? A recent study of transcribing DNA in both budding and fission yeasts reports that the promoter and the terminator sequences of transcribing templates associate with each other forming loops that require interaction with a nucleolar pore protein and a myosinlike protein Mlp1 (Tan-Wong et al., 2009) . Further work will be necessary in the future to determine whether Reb1-mediated Ter-Ter interactions also require anchor and motor proteins.
EXPERIMENTAL PROCEDURES Strains and Plasmids
Strains and plasmids are shown in Table S1 .
Genetic Manipulations
Gene deletions and insertions were carried out as described (Grimm et al., 1988) .
2D Agarose Gel Electrophoresis
Preparation and separation of replication intermediates (both plasmid and single copy) by 2D gel electrophoresis were performed according to modifications of published procedures (Brewer and Fangman, 1987; Wu and Gilbert, 1995) (see the Extended Experimental Procedures).
Ligation Enhancement Assay
The assay was carried out essentially as described by Zzaman and Bastia (2005) .
Exonuclease III Footprinting This procedure has been described (Mukherjee et al., 1988) . See further details in the Extended Experimental Procedures. Cells (FY4460 and FY 4153) were transformed with C-terminally tagged fulllength (FL) or 146-N-terminal deletion Reb1 truncation constructs. Cells were grown in pombe minimal media with glutamate (PMG) without uracil and in the presence of 5 mg/ml thiamine to prevent plasmid loss and to repress the nmt1 promoter. A Delta Vision Spectris microscope system (Applied Precision, Issaquah, WA), 603 1.4 NA objective, was used to determine Reb1 localization. Details are presented in the Extended Experimental Procedures.
Live Cell Imaging
4C Analysis
This procedure used here was a modification of a published procedure (Gö ndö r et al., 2008 
